Objective-Human treatment with ezetimibe results in a moderate 50% to 54% decrease in cholesterol absorption and a 15% to 20% decrease in plasma LDL-cholesterol levels; nevertheless, the efficacy of ezetimibe therapy has been recently challenged by the ENHANCE trial. We examined the efficacy of a moderate decrease in cholesterol absorption in preventing atherosclerosis formation in the mouse.
T he absorption of cholesterol from the intestine is an important determinant of plasma cholesterol levels, a well-established risk factor for atherosclerotic cardiovascular diseases. Clinical studies that examined the effect of a specific and potent cholesterol absorption inhibitor, ezetimibe, on cholesterol absorption and plasma cholesterol levels reported a proportional reduction of 50% to 54% in absorption rates, from 50% to 23%, and a decrease of 15% to 20% in plasma low-density lipoprotein cholesterol (LDL-cholesterol) levels. 1, 2 Previous cholesterol-lowering trials indicated that every 1% decrease in plasma LDLcholesterol is expected to decrease the risk for major cardiovascular events by 1%. Based on these estimates treatment with ezetimibe is expected to decrease the risk for cardiovascular events by 15% to 20%, a premise that is currently tested by several ongoing clinical trials. 3, 4 Interestingly, and in striking contrast with these expectations, the recently published ENHANCE trial is challenging this view. 5 This trial compared the effect of treatment with simvastatin to combined therapy with simvastatin plus ezetimibe on atherosclerosis formation in heterozygous familial hypercholesterolemic patients. Interestingly, when compared to the simvastatin-treated group, the addition of ezetimibe resulted in further significant decrease in plasma LDL-cholesterol levels; however, there was no effect for this decrease on the ratio of media-to-intima thickness in large arteries, a widely accepted predictor of major cardiovascular events. Although the design and data analysis of this trial were criticized, and the relevance of mediato-intima thickness to atherosclerosis measurement has been challenged, these findings sparked a controversy over the add-on preventive effect of ezetimibe and challenged the prospects of inhibition of cholesterol absorption in atherosclerosis prevention.
The absence of clinical studies that directly addressed the effect of ezetimibe on major cardiovascular events justified studies that examined the atheroprotective effect of this drug in laboratory animals. In the mouse, aggressive reduction in cholesterol absorption rates, 6, 7 far lower than the decrease reported in ezetimibe treated subjects, 1 provided a clear evidence of atheroprotective effect. However, although these studies provided an important proof of principle, in the wake of the ENHANCE trial there is a need to clarify whether only a moderate decrease in cholesterol absorption is atheroprotective and if it is to what extent. We addressed this question in apoEKO animals that carry a specific castaneus (CASA/Rk) chromosome 14 interval that causes a proportional decrease of 41% in cholesterol absorption rates (from 79% to 38%). We found that moderately decreased cholesterol absorp-tion rates were associated with a 30% to 37% decrease in plasma cholesterol levels, a 60% increase in RCT from peripheral tissue macrophages, and a 70% decrease in atherosclerosis formation. These findings strongly suggest that even a moderate decrease in cholesterol absorption rates, very similar to what has been reported in ezetimibetreated patients, 1 results in a large atheroprotective effect attributable to decreased plasma cholesterol levels and increased RCT from peripheral tissues macrophages. These findings are encouraging and warrant further testing of cholesterol absorption inhibitors in prevention of major cardiovascular events.
Methods

Generation of 14DKK-ApoEKO Animals
Mapping of the chromosome 14 locus and generation of the chromosome 14DKK congenic animals have been described before. 8, 9 In brief, 14DKK animals where generated through introgression of a castaneus (CASA/Rk) chromosome 14 interval (from 19.5 to 60 cm) onto the C57BL/6J background. 14DKK-apoEKO mice were generated by intercrossing 14DKK congenics with C57BL/6J apoEKO.
Animal Studies
All animals were bred and housed in a single temperature controlled room with a 12-hour light-dark cycle (6 AM-6 PM light) at the Cleveland Clinic Biological Resources Unit. Animals were fed Teklad Rodent Chow pellets (catalog # 2918). All experiments were approved by the Institutional Animal Care and Use Committee.
Cholesterol Absorption
Cholesterol absorption was measured as we described previously. 10 In brief, animals were placed in metabolic cages, received a gastric bolus of olive oil supplemented with [ 14 C]cholesterol and [ 3 H]␤-sitostanol, feces were collected for 24 hours, dried in a 55°C oven, pulverized, lipids extracted by chloroform:methanol (2:1, v/v), and fecal lipids counted for labeled lipids using LS6500 Beckman counter.
Cholesterol Efflux From Bone Marrow Macrophages
Mouse bone-marrow macrophages (BMM) were derived from femurs of freshly euthanized mice as described by Smith et al 11 and Hume et al 12 with minor modifications. Briefly, bone marrow was flushed with PBS supplemented with 50 U/mL penicillin/50 g/mL streptomycin antibiotics and 0.1% FBS. Cells were washed twice with PBS, resuspended in RPMI-1640 media supplemented with 10% FBS, 2 mmol/L glutamine, penicillin/ streptomycin antibiotics, 20% murine L-cell preconditioned media (as a source of macrophage colony-stimulating factor, MCSF), 50 mol/L ␤-mercaptoethanol, and were cultured overnight at 37°C in teflon bags (Welch Fluorocarbon). The following day additional media was added (60 mL/femur) and cells cultured for 5 additional days. Macrophages were replated for efflux assay or frozen and stored in liquid nitrogen until further use. Freshly isolated and thawed cells were plated in 24-well plates at a density of 1.5ϫ10 6 cells per well and cultured for an additional 7 days. For efflux assay, cells were cholesterol loaded by culturing in serum-free RPMI-1640 media supplemented with penicillin/ streptomycin, recombinant human MCSF (10 ng/mL, R&D Systems), 0.1 mg/mL of acetylated LDL protein labeled with 0.34 Ci 3 [H]cholesterol/ml, and incubated overnight at 37°C. The next day cells were washed 2 to 3 times with prewarmed serum-free RPMI-1640 and incubated overnight in the presence of increasing concentrations of human HDL (0 to 200 g/mL protein of ultracentrifugally isolated total HDL) in fresh MCSF supplemented media. Media was collected and duplicate aliquots of 200 L were counted for 3 [H] label. Cellular lipids were extracted in hexane:isopropanol (3:2), the organic phase was dried under nitrogen, redissolved in EcoLite scintillation fluid (MP Biomedicals), and subjected to scintillation counting. Cholesterol efflux was determined in triplicate wells and percent efflux calculated using the formula: 3 
Reverse Cholesterol Transport
BMM were derived, cultured, loaded with acetylated LDL cholesterol, and labeled for 48 hours with 0.5 Ci[ 14 C]cholesterol per ml as described above. On the day of the experiment cells were spun down, resuspended in plain RPMI-1640 media, and directly spiked with 1Ci of[ 3 H]␤-sitostanol. Animals were placed in metabolic cages, injected subcutaneously with 0.3 ml/animal of resuspended BMM, feces collected for 48 hours, and percent RCT was calculated as we described previously. 13
Quantitative Atherosclerosis Measurements
ApoEKO and 14DKK-apoEKO animals were fed Teklad chow diet (catalog # 2918) for 13 weeks. At 16 weeks of age animals were fasted, anesthetized, and blood collected via ventricular puncture into an EDTA containing syringe. The circulatory system was perfused with phosphate-buffered saline through intraventricular injection. The heart containing the aortic root was fixed in phosphate-buffered formalin and processed for aortic root quantitative atherosclerosis assay as we described previously. 14
Plasma Lipids and Lipoprotein Cholesterol Levels
Plasma cholesterol, triglyceride, non-HDL, and HDL-cholesterol levels were determined enzymatically using colorimetric assays as we described previously. 15 For measurement of plasma non-HDL and HDL-cholesterol levels plasma density was increased to 1.063 gm/ml with KBr, subjected to overnight ultracentrifugation (at 4°C, 70 000 rpm, Sorvall S100-AT3 rotor, Sorvall M150 SE Micro-Ultracentrifuge), the bottom HDL containing fraction was separated from the top non-HDL fraction and washed by one additional overnight ultracentrifugation at the same density, and plasma non-HDL and HDL cholesterol levels were determined as described above. Lipoprotein cholesterol profiles were determined by analysis of Superose gel-filtered plasma as we described previously. 15 
Statistical Analysis
Group differences in cholesterol absorption rates, plasma cholesterol and HDL-cholesterol levels, and RCT were compared using an unpaired Student t test. Genotypic effect on aortic root atherosclerosis was examined by using a nonparametric Mann-Whitney test. Finally, genotypic effect on cholesterol efflux from bone marrow macrophages was tested by using a 1-way ANOVA with a Tukey post test.
Results
We have previously reported that 14DKK congenics are characterized by a moderate decrease in cholesterol absorption rates. 9 Here we examined the effect of the 14DKK interval on fasting plasma lipid levels. Measurement of plasma total cholesterol, triglycerides, non-HDL, and HDL cholesterol levels revealed that 14DKK congenics are characterized by increased plasma total cholesterol (75Ϯ6 versus 88Ϯ4 mg/dL in control C57BL/6J and 14DKK congenics, respectively; PϽ0.03), increased plasma triglycerides (10Ϯ2 versus 22Ϯ7 in C57BL/6J and 14DKK congenics, respectively; PϽ0.007), increased non-HDL cholesterol (19Ϯ3 versus 27Ϯ4 mg/dL in C57BL/6J versus 14DKK congenics, respectively; PϽ0.05), with no differences in HDL-cholesterol levels (53Ϯ5 versus 55Ϯ4 mg/dL in C57BL/6J and 14DKK congenics, respectively). Therefore, in 14DKK animals moderately decreased cholesterol absorption rates are associated with mildly increased fasting plasma levels of cholesterol in non-HDL proatherogenic lipoproteins.
To examine the 14DKK interval effect on atherosclerosis formation we first examined the effect of this interval on cholesterol absorption in animals targeted for the apoE gene. We and others have previously reported that lowcholesterol chow diet-fed C57BL/6J wild-type and apoEKO animals displayed indistinguishable cholesterol absorption rates. 16, 17 In agreement with these reports and in agreement with our original studies in 14DKK congenics, as shown in Figure 1 , when compared to apoEKO, 14DKK-apoEKO animals displayed a moderate decrease of 41% in cholesterol absorption rates (79Ϯ6% versus 38Ϯ14% in C57BL/6J controls and 14DKK congenics, respectively; PϽ0.0001).
Next, the effect of moderately decreased cholesterol absorption rates on plasma cholesterol levels and atherosclerosis formation was examined. In agreement with previous studies in apoEKO animals, 6 and as shown in Figure 2 , when compared to control apoEKO mice, 14DKK-apoEKO congenic males and females displayed a 37% and 30% decrease in fasting plasma cholesterol levels, respectively (403Ϯ67 versus 254Ϯ60 mg/dL in males and 359Ϯ75 versus 251Ϯ49 mg/dL in females apoEKO and 14DKK-apoEKO congenics, respectively; PϽ0.0001). Moreover, as shown in Figure 3 , Superose gel chromatography revealed that in 14DKK-apoEKO the decrease in plasma cholesterol is largely attributable to decrease in VLDL and IDL with no differences in HDL-cholesterol levels (further confirmed by ultracentrifugation and direct measurement of HDL cholesterol levels: 26Ϯ7 versus 27Ϯ5 mg/dL in males and 22Ϯ8 versus 24Ϯ6 mg/dL in females apoEKO and14DKK-apoEKO congenics, respectively). Interestingly, as shown in Figure 4A and 4B, in 14DKK-apoEKO congenics a 30% to 37% decrease in plasma cholesterol levels were associated with a 68% and 71% decrease in atherosclerosis lesion size in the aortic root of males and females, respectively (17 590Ϯ11 533 versus 5662Ϯ4279 m 2 , PϽ0.001, and 73 231Ϯ34 491 versus 21 131Ϯ12 256 m 2 , PϽ0.0001, in males and females apoEKO and 14DKK-apoEKO congenics, respectively). These results strongly suggest that a moderate decrease in cholesterol absorption rates displays a large atheroprotective effect.
To determine whether the 14DKK interval atheroprotective effect can be attributed, at least in part, to mechanisms that operate in macrophages, we first examined the in vitro efflux of cholesterol from cholesterol loaded bone marrow macrophages of control C57BL/6J and 14DKK congenics. As shown in Figure 5A , regardless the concentrations of HDL as a cholesterol acceptor in the incubation media, 14DKK macrophages displayed cholesterol efflux rates that were indistinguishable from efflux displayed by C57BL/6J control macrophages. Next, we examined whether cholesterol loaded 14DKK congenic bone marrow macrophages are characterized by increased in vivo RCT levels.
In these experiments, donor C57BL/6J control and 14DKK congenic bone marrow macrophages were loaded with cholesterol, injected subcutaneously into 2 different groups of recipient C57BL/6J control animals, and RCT was determined as we described previously. 13 As shown in Figure 5B , there was no difference in RCT from control C57BL/6J and 14DKK congenic macrophages (2.2Ϯ0.9% versus 2.2Ϯ1.4% RCT from C57BL/6J and 14DKK macrophages, respectively). Similar RCT rates were observed in experiments where donor apoEKO and 14DKK-apoEKO congenic macrophages were injected into recipient apoEKO animals (3.4Ϯ1.2% versus 2.9Ϯ1.4% from apoEKO and 14DKK-apoE macrophages, respectively). When combined, these experiments strongly suggested that the 14DKK interval atheroprotective effect cannot be attributed to mechanisms that modify the efflux of cholesterol or RCT from peripheral tissue macrophages.
We have previously reported that suppression of cholesterol absorption from the intestine increases the RCT from peripheral tissue macrophages. 13 Specifically, we have shown that in 14DKK congenics decreased cholesterol absorption rates are associated with a 67% increase in RCT from subcutaneously injected murine 264.7 RAW macrophages. 13 Here we turned to validate these findings by examining the 14DKK interval effect on RCT from cholesterol loaded apoEKO bone marrow macrophages. In these experiments donor control apoEKO bone marrow macrophages were injected subcutaneously into recipient control apoEKO and 14DKK-apoEKO congenics, and RCT determined as we described previously. 13 As shown in Figure 6 , and in agreement with our previous studies, moderately decreased cholesterol absorption rate in 14DKK congenics was associated with a 60% increase in RCT from subcutaneously injected control apoEKO bone marrow macrophages (3.8Ϯ1.7% versus 6.1Ϯ1.7% in apoEKO and 14DKK-apoEKO congenics, respectively; PϽ0.02). Similar differences in RCT were observed when donor C57BL/6J wild-type bone marrow macrophages were injected into recipient C57BL/6J control and 14DKK congenics (3.2.Ϯ1.2% versus 5.9Ϯ1.9% in C57BL/6J controls and 14DKK congenics, respectively; PϽ0.03). These experiments strongly suggest that in 14DKK congenics decreased cholesterol absorption rates leads to an increase in RCT from peripheral tissue macrophages, which is likely to explain at least part of the atheroprotective effect of this interval.
Discussion
The present study addressed the effect of moderately decreased cholesterol absorption rates on atherosclerosis in the mouse. We found that in 14DKK congenics a 41% decrease in cholesterol absorption rates resulted in a 30% to 37% decrease in plasma cholesterol levels, a 60% increase in RCT from peripheral tissue macrophages, and a 70% decrease in aortic root atherosclerosis lesion size. These findings strongly suggest that a moderate decrease in cholesterol absorption is associated with a large atheroprotective effect.
Previous mouse studies examined the effect of potent inhibition of cholesterol absorption on atherosclerosis formation and have consistently shown a strong atheroprotective effect. For example, Davis et al examined the effect of treatment with high-dose ezetimibe on cholesterol absorption, plasma cholesterol levels, and atherosclerosis formation in the carotid artery of apoEKO mice. 6 In these studies treatment with high dose ezetimibe (0.005% w/w in the diet) resulted in a dramatic 90% decrease in cholesterol absorption rates and a 91% to 97% decrease in atherosclerosis formation. Furthermore, the same investigators demonstrated that in apoEKO mice knocking out of Npc1l1, the target of ezetimibe, resulted in a 77% decrease in cholesterol absorption rates and an absolute protection of atherosclerosis. 18 In the present study we examined the genetic effect of only a moderate decrease in cholesterol absorption rates on atherosclerosis formation. We found that a decrease of 41% in cholesterol absorption rates and 30% to 37% decrease in plasma cholesterol levels were associated with 70% decrease in aortic root atherosclerosis lesion size. Our current results together with the studies of Davis et al may suggest a nonlinear relationship between cholesterol absorption and atherosclerosis formation. Such a relationship is supported by our prior study in which we demonstrated that cholesterol absorption is a nonlinear saturable process. 10 Nevertheless, we are not aware of prior studies that systematically examined the relationship of cholesterol absorption rates to atherogenesis in mice.
In humans, the expectation that inhibition of cholesterol absorption is atheroprotective primarily relies on the concordance between the decrease in cholesterol absorption and plasma cholesterol levels. This expectation is supported by a recent study that found a modest but consistent correlation of plasma surrogate measures of cholesterol absorption and angiographic severity of coronary heart disease. 19 Here, we found that a moderate 41% decrease in cholesterol absorption rates proportionally decreased the plasma level of cholesterol by 30% to 37% in apoEKO animals. These findings are in agreement with the notion that in apoEKO animals increased plasma cholesterol levels are attributable to plasma retention of intestinally derived cholesterol in the form of chylomicron remnants (Figure 3 ). It is therefore interesting that in 14DKK-apoEKO congenics a decrease of 30% to 37% in plasma cholesterol levels resulted in a 70% decrease in atherosclerosis formation. These findings suggest that additional mechanisms, independent from plasma cholesterol levels, may play a role in protecting 14DKK congenic animals from atherosclerosis. To determine the nature of these mechanisms we examined the efflux of cholesterol and RCT from cholesterol loaded 14DKK-congenics bone marrow macrophages ( Figure 5A and 5B) . Our results clearly indicate that 14DKK bone marrow macrophages display in vitro cholesterol efflux and in vivo RCT that are indistinguishable from the corresponding rates in control C57BL/6J bone marrow macrophages. These findings reject the possibility that the 14DKK-interval atheroprotective effect can be ascribed to mechanisms that operate in macrophages. In contrast, subcutaneous injection of cholesterol loaded control apoEKO bone marrow macrophages into recipient 14DKK-apoEKO animals resulted in 60% increase in RCT ( Figure 6 ). These findings strongly suggest that the 14DKK interval increases RCT from peripheral tissue macrophages through inhibition of cholesterol absorption from the intestine. Jointly, our findings favor a scenario where the 14DKK interval is atheroprotective through dual cholesterol-absorption modifiable effects: (1) a decrease in plasma cholesterol levels, and (2) an increase in RCT from atherosclerotic lesion macrophages. It should be noted, however, that the 14DKK 40.5 cm congenic interval harbors a large number of genes, and we cannot exclude the possibility that CASA/Rk variants in this interval may modify atherosclerosis formation through mechanisms independent of cholesterol absorption effects. Finally, we have previously shown that treatment with 0.005% ezetimibe is associated with a 6-fold increase in RCT from peripheral tissue macrophages. 13 These findings agree with a nearly absolute protection of atherogenesis in high ezetimibe dose-treated and Npc1l1-targeted apoEKO mice. 6, 18 Clinical trials almost invariably find that a decrease in plasma cholesterol levels decreases the risk for major atherosclerotic cardiovascular events. Therefore, a consistently reported decrease in plasma cholesterol levels in response to treatment with ezetimibe strongly suggested that this therapy is likely to result in protection from these events. However, contrary to these expectations, the ENHANCE trial, which examined the add-on effect of ezetimibe in heterozygous familial hypercholesterolemic patients, found no additive effect for this drug on carotid intima-to-media thickness ratio and sparked a controversy regarding the capacity of this therapy to fulfill its potential atheroprotective effect. 5 Furthermore, the results of this trial strongly contrasted with mouse studies that consistently find a strong atheroprotective effect in the treated mice with decreased cholesterol absorption rates. It should be noted, however, that although these studies provide a solid proof of concept, extrapolation to humans must be regarded cautiously. This caution is particularly needed for mouse studies where cholesterol absorption rates are far lower than levels reported in human studies. 1 In the current study, we examined the effect of moderately decreased cholesterol absorption rates that are proportionally very similar to what has been reported in humans (a decrease of 50% to 54% and 41% in ezetimibe treated humans and 14DKK-apoEKO congenics, respectively). Our mouse findings clearly indicate that a moderate decrease in cholesterol absorption exerts a large atheroprotective effect and further support the targeting of the cholesterol absorption process for prevention of atherosclerosis cardiovascular events. It remains to be seen whether ongoing large clinical trials will confirm the atheroprotective premise in ezetimibe therapy using end points more relevant than the carotid intima-media thickness. 3, 4 
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